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Abstract 21 
Zeolite N was produced from a variety of kaolinites and montmorillonites at low temperature 22 
(< 100oC) in a constantly stirred reactor using potassic and potassic+sodic mother liquors 23 
with chloride or hydroxyl anions. Reactions were complete (>95% product) in less than 20 24 
hours depending on initial batch composition and type of clay minerals. Zeolite N with 1.0 < 25 
Si/Al < 2.2 was produced under these conditions using KOH in the presence of KCl, NaCl, 26 
KCl + NaCl and KCl + NaOH. Zeolite N was also formed under high potassium molarities in 27 
the absence of KCl. Zeolite synthesis was more sensitive to water content and temperature 28 
when sodium was used in initial batch compositions. Syntheses of zeolite N by these methods 29 
were undertaken at bench, pilot and industrial scale. 30 
 31 
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1. Introduction 34 
Aluminosilicate gels and clay minerals have been used as a source material for the synthesis 35 
of zeolites for many years. Zeolite K-F(Cl), now known as zeolite N (Christensen and 36 
Fjellvag, 1997), was synthesised by Barrer et al. (1953) from gels using a hydrothermal 37 
process at >200oC for many days. This work presents new data on the synthesis of zeolite N 38 
at low temperatures (< 100oC) for a range of starting compositions in a continuously stirred 39 
reaction mix. The reactions used kaolinite and montmorillonite as the source of silicon and 40 
aluminium. The concentrations of potassium- and sodium-based reagents and the ratios of 41 
K:Na were critical to the successful formation of zeolite N for large-scale or commercial use. 42 
Syntheses of zeolite N reported in this work relate explicitly to a material described 43 
previously by the trade name MesoLite with high cation exchange capacity and high 44 
selectivity for NH4+ (Mackinnon et al., 2003; Thornton et al., 2007a, 2007b; Zwingmann et 45 
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al., 2009). The properties of zeolite N suggest potential use in a range of ion exchange 46 
applications, particularly where high selectivity for ammonium ions in the presence of other 47 
divalent or univalent ions is desirable (Thornton et al., 2007b). 48 
The reports by Mackinnon et al. (2003) and Thornton et al. (2007a, 2007b) detailed use of 49 
MesoLite as an ion exchange medium for the treatment of ammonium-rich wastewater 50 
solutions. In a pilot scale study of digested sludge liquor, Thornton et al. (2007a) showed that 51 
>95% of ammonium was removed from the liquor with an initial ammonium concentration of 52 
>600mg/L. This performance in a pilot scale facility over 11 loading cycles resulted in an 53 
average operating capacity in the range 27–36g NH4+–N kg-1(Thornton et al., 2007a). In the 54 
presence of competing ions, MesoLite achieved a maximum equilibrium capacity of 49g 55 
NH4+ –N kg-1 of media (Thornton et al., 2007b).  56 
Zwingmann et al. (2009) described experiments evaluating the use of MesoLite as a soil 57 
amendment. Laboratory column experiments demonstrated that addition of 0.4% MesoLite to 58 
sandy soil greatly reduced leaching of added NH4+ (up to 90% reduction) compared with an 59 
unamended soil. Furthermore, the material was 11 times more efficient in retaining NH4+ 60 
than natural zeolite (Zwingmann et al., 2009). This work presents the methods used to 61 
synthesise MesoLite from kaolinites and montmorillonites at a range of manufacturing 62 
volumes and describes the relationships between zeolite N and a material termed KAD 63 
(Thompson et al., 1999). 64 
2. Experimental 65 
For reactions at bench and pilot plant scale, stainless steel reactors equipped with (i) a mixing 66 
blade, (ii) a thermocouple-controlled, external heating coil and (iii) a loose-fitting cover were 67 
used. For many reactions at scales > 1kg, samples of the mix were extracted during the 68 
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reaction in order to measure progress. Measurements of pH for these reaction mixtures were 69 
obtained from samples held between 60oC and 65oC using a Rigaku industrial meter.  70 
2.1 Synthesis  71 
A wide range of starting materials was used in these experiments (Mackinnon et al., 2006). 72 
Syntheses reported in this study used two grades of kaolinite, Kingwhite 65 and Kingwhite 73 
80, (designated KW65 and KW80, respectively) obtained from Kingaroy Kaolin Pty Ltd, and 74 
a pigment kaolinite (HT) provided by Engelhard Corporation. Other aluminosilicate minerals 75 
with which successful syntheses were obtained include filler grade kaolinites from AKW 76 
GmbH (Nova 80 and Miranda), halloysite from New Zealand China Clays, and a pigment, 77 
Exsilon, provided by Engelhard Corporation. Syntheses using montmorillonites from Unimin 78 
(Aust) Pty Ltd (Activebond 23 and VolClay Premium) were also undertaken. Table 1 shows 79 
the basic characteristics of four clays used in this study.  80 
Potassium and sodium starting materials were industrial grade KCl (Redox Chemicals, 81 
POCHLO16), KOH (Redox Chemicals, caustic potash Capota45), NaCl (Cheetham Salt, 82 
Superfine grade) and NaOH (Redox Chemicals). Solutions were made with potable water 83 
from the local reticulated supply.  84 
Synthesis procedures involved the dissolution of potassium and/or sodium reagents in water, 85 
stirring and heating the reaction liquor to the designated temperature ranging from 65oC to 86 
<100oC, then adding the required amount of aluminosilicate and reacting with constant 87 
stirring at temperature for specified periods of time. This sequence of component additions 88 
provided consistent and predictable products. The reaction was stopped by reducing the 89 
temperature to less than 60oC by removing the products from the reactor or by water cooling. 90 
Solid product was removed from the mother liquor by filtration (e.g. a filter press) or 91 
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sedimentation in a separate wash tank. All products were water washed until the reject stream 92 
showed pH < 10.5. The washed slurry product was then spray dried to obtain the powder. 93 
A typical reaction sequence for the production of zeolite N with potassium-based reagents 94 
used a 500L stainless steel reactor tank filled with 250L of water supplied by a conventional 95 
domestic reticulated system. To this solution, 75kg of 98% solid potassium hydroxide and 96 
75kg of 98% solid potassium chloride were slowly added. This caustic solution was stirred 97 
and heated to 95oC. While the solution was at this temperature, 75kg of kaolinite was added 98 
to the reaction mix while stirring. The reaction mix experienced a slight drop in temperature 99 
(to ~90oC) during the loading of kaolinite. The reaction mixture showed temperature 100 
fluctuations of up to 5oC without significant loss of product quality.  101 
The reaction tank was partially covered with a stainless steel lid to aid with retention of heat 102 
and vapour and was maintained at ambient pressure during the reaction process. The pH of 103 
this reaction mix was generally greater than 14.0 and during the course of the reaction 104 
reduced to approximately 13.5. During the reaction process – approximately 1.5 hours to 3.5 105 
hours after the kaolinite was added to the reactor – the viscosity of the mixture increased. 106 
Small amounts of water (<5L) were added to aid mixing of the slurry as viscosity increased 107 
albeit this was not necessary to achieve production of zeolite N.  108 
After six hours of reactant mixing at temperatures 95oC ± 5oC, the reaction was stopped by 109 
reducing the temperature to less than 50oC via cooling coils, addition of water or both 110 
methods and the resulting slurry was separated using a filter press into solid and liquid 111 
components. The solid aluminosilicate – zeolite N – was washed with water (until reject 112 
stream pH < 10.5) and then dried using a spray dryer to form the final product. The weight of 113 
zeolite N from this reaction was 98.3kg. This amount of product gave a yield greater than 114 
90% for the reaction shown below: 115 
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   5Al2Si2O5(OH)4 + 10KOH + 2KCl + H2O   →   K12Al10Si10O40Cl2⋅8H2O + 8H2O        (1) 116 
More than 100 separate low-temperature reactions were undertaken over a broad time-117 
temperature-transformation region aimed at the production of zeolite N. 118 
2.2 Characterisation 119 
X-ray data were collected on a Bruker automated powder diffractometer using CuKα 120 
radiation (λ=1.5406) between 2o and 70o 2θ at a scan speed of 1o 2θ per minute with a 2θ step 121 
of 0.02o using quartz as a calibration standard. All intensities in XRD patterns in this paper 122 
have been normalized to Imax = 100 counts. Cell dimensions and indices for zeolite N samples 123 
were obtained by least-squares refinement using data determined by Christensen and Fjellvag 124 
(1997).  125 
Surface area measurements were obtained on a Micrometrics Tri-Star 3000 instrument using 126 
the BET algorithm for data reduction and standard procedures for adsorption and desorption 127 
of nitrogen. SEM images were obtained on samples using a Jeol 6400 FESEM and a Jeol 128 
3500 SEM. Particle size distributions and average values were obtained with a Malvern 129 
Mastersizer Model 2000 laser scattering instrument using procedures outlined by Mackinnon 130 
et al. (1993). Bulk elemental analyses for major elements were obtained by inductively 131 
coupled plasma spectroscopy (ICP) using standard peak resolution methods. Chloride 132 
analyses were obtained by nitric acid digestion of the samples and titration for the presence of 133 
Cl. 134 
Cation exchange capacities (CECs) were determined by equilibrium exchange of ammonium 135 
ions in a 1M NH4Cl solution. Samples were analysed for ammonium ion concentration using 136 
the steam distillation method by Kjeldahl. CEC determination on the well-known Cheto 137 
montmorillonite (Clay Minerals Society Source Clays SAz-1; van Olphen and Fripiat, 1979) 138 
as an internal calibration standard gave a CEC value of 98.1 ± 2.5 meq/100g. This value was 139 
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consistent with the value for potassium exchange of 100 ± 2 meq/100g determined by Jaynes 140 
and Bingham (1986). CEC values for the materials in this work were determined on a “wet 141 
mass” basis.  142 
3. Results 143 
Zeolite N was synthesized from kaolinite, metakaolinite, montmorillonite and other zeolites. 144 
The low-silicon form of zeolite N was produced from reaction mixtures with low silicon to 145 
aluminium ratios (e.g. kaolinite). Potassium and potassium+sodium liquors with chloride 146 
and/or hydroxyl anions were used to produce zeolite N.  147 
3.1 Potassium syntheses 148 
Tables 2 and 3 list syntheses of zeolite N or other phases from a range of starting 149 
compositions listed as molar ratios relative to Al2O3.  These syntheses resulted in the 150 
formation of zeolite N (designated “Z N”) and/or other products. Tables 2, 4 and 5 show data 151 
for kaolinites used as the source of Al and Si in these syntheses. Table 3 shows data for 152 
montomorillonite or other silicates as source material. The CEC value was a good indicator 153 
of the primary product from these syntheses. In general, when the CEC value (for a zeolite 154 
with Si/Al ~ 1.0) was greater than 400 meq/100g, the dominant phase for the reaction was 155 
zeolite N.  156 
A typical reaction sequence for transformation from kaolinite to zeolite N is shown by the 157 
series of XRD patterns in Fig. 1. This transformation was evaluated for a range of starting 158 
compositions with similar outcomes to that shown in Fig. 1. The XRD patterns showed a 159 
gradual reduction in intensity of kaolinite reflections (key reflections are indexed in Fig. 1), 160 
accompanied by the presence of a significant “amorphous” hump for ~ 25o < 2θ < 40o. 161 
Material formed at this stage of the reaction sequence was termed KAD, an acronym for 162 
“kaolin amorphous derivative”, by Thompson et al. (1999). Residual kaolinite reflections 163 
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often remained at this stage of the sequence signifying incomplete dissolution or conversion 164 
of kaolinite by the caustic mother liquor. After a period of time (depending on the reaction 165 
conditions), high yields of zeolite N were obtained. A typical XRD pattern for zeolite N with 166 
key indexed reflections is shown in Fig. 1.  167 
For many reactions, KW65 kaolinite was used as starting material. For comparison, Table 2 168 
shows results for three other kaolinites under similar synthesis conditions. Final product 169 
quality – as measured by the CEC value – was dependent on the nature of the starting 170 
kaolinite. The reaction with KW80 (reaction 1, Table 2) achieved a more complete 171 
transformation of kaolinite to zeolite N in the reaction time than either KW65, Engelhard HT 172 
or Nova 80 kaolinites (reactions 2 to 4, respectively). Thus, reaction 1 with KW80 showed a 173 
higher CEC value than the products of reaction 2 or other reactions which formed under the 174 
same conditions of temperature and time.  175 
Table 2 also indicates that a minimum potassium and/or KCl ratio was required in order to 176 
effect the transformation with similar temperature and time to reactions 1 to 4. For example, 177 
at low KCl and/or KOH concentration (reactions 12 and 13) little or no conversion of the 178 
starting kaolinite was detected. Other reactions for up to 12 hours with similar starting 179 
compositions to reactions 12 and 13 showed limited transformation of the kaolinite starting 180 
material. Conversion of kaolinite to the amorphous KAD phase was a common pre-condition 181 
for formation of zeolite N. An example of conditions leading to formation of KAD is shown 182 
as reaction 14 in Table 2. Further reaction of this precursor phase for up to 20 hours under the 183 
same conditions resulted in formation of zeolite N. 184 
Reactions with low or no level of KCl produced zeolite N, but the outcome was more 185 
sensitive to water addition (i.e. H2O/Al2O3 ratio) and temperature. For example, reaction 11 186 
did not contain KCl or other salt in the starting mixture but resulted in the production of 187 
zeolite N at 90oC. However, a shift in temperature to 95oC or a change to higher KOH 188 
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molarity (such as in reactions 15 and 16) resulted in the formation of kaliophyllite. 189 
Alternatively, dilution of the reaction mix (reaction 14 compared with reaction 11) resulted in 190 
the formation of KAD under similar conditions of temperature and reaction time.   191 
The rate at which transformation occurred depended on the reaction conditions. The 192 
conversion of kaolinite to amorphous phase and then to zeolite N for a typical starting 193 
composition (reaction 2, Table 2), is shown in Fig. 2. This reaction was undertaken at pilot 194 
plant scale (~100kg product) with the reactor sampled at half hour intervals. XRD data for 195 
samples taken at 0.5, 2.0, 2.5, 3.0 and 6.0 hours are shown in Fig. 2. These data show that the 196 
amorphous KAD assemblage with unconverted kaolinite transformed to zeolite N in less than 197 
30 minutes at 95oC. Thus, crystallization of zeolite N was rapid once initiated under these 198 
conditions.  199 
An XRD pattern for the zeolite N product obtained from reaction with montmorillonite 200 
(reaction 18, Table 3) is shown in Fig. 3. This pattern showed a strong reflection for quartz 201 
(SiO2) due to presence of the impurity in the original starting material. The presence of an 202 
additional silica phase is also inferred from the bulk composition analysis in Table 1. For this 203 
zeolite N with Si/Al > 1.0, the CEC value was lower than zeolite produced from kaolinite. 204 
Fig. 3 also shows the XRD pattern for reaction 19 which included additional potassium 205 
silicate in the starting composition.  Reaction 19 produced zeolite N with Si/Al > 1.0. The 206 
pattern showed better development of higher order reflections (the 004, 240 and 136 207 
reflections) compared with XRD patterns from zeolite N with lower CEC values (reaction 208 
11).  209 
An SEM micrograph of KAD material is shown in Fig. 4a. KAD generally showed formless 210 
particle morphology and small sized particles (inset; <<1 µm). Regions which suggested 211 
nucleation, or early formation, of zeolite N were also observed (arrowed in Fig. 4a). Zeolite 212 
N morphology typically occurred as elongate prisms in which twinning was common (Fig. 213 
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4b). Typical crystallite sizes for reaction 2 were sub-micrometer (ranging from 200nm to 214 
2000nm in the longest direction; ~200-500nm prism faces) although larger crystallites were 215 
observed with longer reaction times. Remnant kaolinite starting material was observed within 216 
incompletely reacted samples (arrowed Fig. 4b). Crystallites readily aggregated to 217 
micrometer-sized granules in the potassic zeolite form.  218 
Bulk elemental analyses of potassium-synthesized zeolite N are listed in Table 6 for reactions 219 
2, 18 and 19. For reaction 2, the bulk analysis corresponded well with inferred stoichiometry 220 
for zeolite N from synchrotron data (Christensen and Fjellvag, 1997). Normalised 221 
calculations for the average bulk analysis from reaction 2 gave the chemical formula 222 
K11.5Al10.0Si10.5O40Cl1.3 7.9H2O.  Data for reaction 18 showed higher values for SiO2 than 223 
expected due to the presence of a separate phase, identified as quartz using XRD.  224 
3.2 Syntheses in the presence of sodium and potassium ions 225 
In general, the use of sodium compounds as starting materials decreased the robustness of the 226 
reaction for production of zeolite N. Table 4 lists a range of starting ratios for sodic reagents 227 
in the presence of potassium chloride and/or potassium hydroxide. The product of reaction 228 
was zeolite N when either NaCl or NaOH, or both reagents, were employed under similar 229 
conditions to potassium-only syntheses. However, if the sodium content was high, or in 230 
excess, sodalite commonly formed.  231 
Excess chloride salt (i.e. KCl and/or NaCl) was not a requirement for production of zeolite N. 232 
Reactions 20 and 21 showed that adding NaCl in modest proportions, as well as combinations 233 
of NaCl and KCl, resulted in production of zeolite N at 90oC after 12 hours.  Reaction 234 
numbers 21 and 30 (Table 4) showed that the final product was sensitive to temperature and 235 
time of reaction. For the same starting materials, reaction at 95oC for six hours produced a 236 
sodic-potassic form of KAD while reaction at 90oC for 12 hours produced zeolite N. Reaction 237 
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23 showed that significant excess chloride was not detrimental to formation of zeolite N 238 
provided the dominant excess salt was potassic.  239 
3.3 Reproducibility and scale-up 240 
The reactions listed in Tables 2 to 4 were carried out in a 5L reactor with approximately 2kg 241 
of dissolved solids in solution. Additional reactions which mimic those reported in Tables 2 242 
to 4 were undertaken in larger reactors of up to 30m3 volume. Characteristics of products 243 
from larger scale reactions were the same as those obtained from smaller bench-scale trials. 244 
Examples of pilot plant reactions undertaken at product scales of ~90kg–100kg are shown in 245 
Table 5. These reactions produced a single phase product, zeolite N, with yields > 95% 246 
measured on the basis of clay mineral addition.  247 
Cation exchange capacity, as well as powder XRD, were used to monitor the progress of 248 
reaction to zeolite N. Fig. 6 shows data for a suite of eleven separate batch reactions 249 
undertaken at pilot plant scale with approximately 180 kg dissolved solids using a 500L 250 
stainless steel reactor. Eight of these batch reactions re-used the filtered and separated mother 251 
liquor after the initial batch reaction. For all reactions, 500g samples were obtained from the 252 
reaction tank at 30 minute intervals for subsequent analysis. The plot in Fig. 5 demonstrates 253 
progress of the reaction mix from starting materials (kaolinite, caustic, potassic salt and 254 
water) with low CEC value to zeolite N product with a CEC value ~ 500 meq/100g. 255 
Consistent decreases in liquor conductivity and pH were also observed with progress of the 256 
reaction to formation of zeolite N.  257 
For comparison, XRD patterns for industrial scale reactions undertaken at two different 258 
manufacturing plants are shown in Fig. 6. These reactions were carried out in 30m3 fibreglass 259 
(Site 1) and steel (Site 2) vessels with final product mass of approximately 5 Tonne. The 260 
batch compositions were as listed for reaction 2 in Table 2 at 95oC. Kaolinite used at Site 1, 261 
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Run 1 was Nova 80 for an average reaction time of 12 hours, and Run 2 was Engelhard HT 262 
pigment for an average reaction time of 9 hours. Kaolinite used at Site 2 was KW65 for a 263 
reaction time of seven hours. Residual, un-reacted kaolinite reflections occurred in XRD 264 
patterns for samples from Site 1, Run 1 (arrowed Fig. 6). Note that the CEC values for each 265 
of these large scale reactions showed a pattern similar to values measured on zeolite N 266 
produced at smaller scale (viz. Table 2). 267 
4. Discussion 268 
The synthesis of potassic zeolites of edingtonite type (Baerlocher et al., 2001) was first 269 
reported by Barrer et al. (1953) and Barrer and Baynham (1956) using aluminosilicate gels 270 
with potassium hydroxide. Milton (1961) described the generic conditions for synthesis of 271 
zeolite F which closely resembled zeolite K-F. Zeolite K-F(Cl), or zeolite N, was described in 272 
the work by Barrer et al. (1953, 1968), Barrer and Marcilly (1970) and Barrer and Munday 273 
(1971). Interpretation of X-ray diffraction data by these authors suggested that zeolite N was 274 
tetragonal with cell dimensions a=998pm and c=1322pm. These interpretations were based 275 
on the similarity of diffraction data with zeolite K-F although the limitations of the method 276 
for detailed structural determination were noted (Barrer and Marcilly, 1970). The recent 277 
structure determination by Christensen and Fjellvag (1997) which used a synthesis method 278 
similar to that employed by Barrer and colleagues, showed that zeolite N is orthorhombic 279 
with space group I222.  280 
Barrer et al. (1968), Barrer and Munday (1971) and Kosorukov and Nadel (1985) used 281 
kaolinite and Barrer and Mainwaring (1972) used metakaolinite as sources of Al and Si for 282 
the synthesis of potassic zeolites. Recently, Belver et al. (2002) synthesized zeolite K-F by 283 
refluxing metakaolinites with 5M KOH at 90oC. The early syntheses of potassic zeolites, 284 
including the seminal work by Barrer and colleagues, were summarized by Sherman (1977) 285 
who noted the confusing nomenclature used by different research groups at the time and 286 
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identified references with mislabelled or inappropriate zeolite designations. However, zeolite 287 
K-F(Cl) was not identified in this tidying up of zeolite nomenclature by Sherman (1977).  288 
4.1 Synthesis of zeolite N 289 
In general, reaction times for previous syntheses of zeolite K-F and related phases ranged 290 
from a few days to up to ten days (Barrer and Marcilly, 1970; Barrer et al., 1968, 1971 and 291 
Cocks and Pope, 1995). Reaction times of 16 hours to 24 hours also gave crystalline 292 
products, but at temperatures generally higher than 300oC (Barrer and Marcilly, 1970). Early 293 
work reported that zeolite K-F(Cl) was formed under static hydrothermal conditions at 294 
temperatures generally between 200oC and 300oC in the presence of excess KCl over periods 295 
of seven days (Barrer et al., 1953; Barrer and Baynham, 1956). Christensen and Fjellvag 296 
(1997) used static hydrothermal conditions on a mixture of zeolite 4A, excess KCl and water 297 
at 300oC for 170 hours to produce high yields of zeolite N for their study. 298 
In contrast, this study demonstrates that zeolite N was formed at ambient pressure over much 299 
shorter time periods at temperatures below 100oC in a stirred reactor. In addition, starting 300 
compositions which did not require excess KCl or which used sodic reagents in conjunction 301 
with potassic reagents also produced zeolite N (reactions 9-11 and 20-26). The temperature 302 
range for zeolite N formation was dependent on initial composition and the reaction time. 303 
Zeolite N formed at temperatures as low as 65oC for periods over 72 hours. As shown by the 304 
data in Table 6, Fig. 5 and Fig. 6, these low temperature reactions to produce zeolite N (i.e. < 305 
100oC) were reproducible and scalable to industrial reactors.   306 
A ternary plot of starting compositions relative to the K, Na and Cl contents is shown in Fig. 307 
7. Fig. 7 also shows the composition of as-synthesized product for the reagents mixed at 308 
ambient pressure and 95oC for six hours. The H2O/Al2O3 molar ratio of all starting 309 
compositions in Fig. 7 ranged from 48 to 52. The starting compositions designated with filled 310 
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circles resulted in zeolite N product, while compositions with an open circle resulted in 311 
sodalite. A range of starting compositions was used to produce zeolite N. Similarly, if sodium 312 
concentrations in the initial reaction mix were high (e.g. Na/K > 0.9), then sodalite formation 313 
was favoured (Barrer et al., 1968). Formation of sodalite was also favoured with high 314 
chloride concentrations in the presence of sodium (reaction 31).  Cocks and Pope (1995) 315 
noted a similar outcome for syntheses of zeolite X.  316 
Production of zeolite N with Si/Al ratios higher than values derived from kaolinite was 317 
achieved through use of montmorillonites or other high silica reagents (potassium silicate 318 
plus kaolinite in reaction 19). Reactions 18 and 19 showed Si/Al ratios of 2.26 and 1.23, 319 
respectively, reflecting additional silica in the starting mixture. However, as noted by Barrer 320 
and Mainwaring (1972) for zeolite K-F, the Si/Al ratio may be dependent on the 321 
concentration of alkali in the initial mixture. For zeolite K-F, as the alkali concentration 322 
increased, the ratio in the final product approached 1.0, whatever the initial value of the Si/Al 323 
ratio in the starting mixture. Barrer et al. (1959) also noted that zeolite K-F tended to 324 
crystallize with a Si/Al ~ 1.0. 325 
Both XRD patterns for the starting montmorillonite and the product of reaction 18 showed 326 
the presence of SiO2. Thus, the Si/Al ratio for the product of reaction 18 (Table 6), based on 327 
bulk analyses of the powder, overestimated the actual ratio in zeolite N. The XRD pattern for 328 
the reaction 19 product (see Fig. 4) did not show the presence of another phase such as SiO2. 329 
However, using interpolated Si/Al ratios (from bulk analyses) plotted against CEC values, the 330 
inferred percentages of excess silica in the products of reactions 18 and 19 were 4% and 9%, 331 
respectively.  332 
Reactions with a high K2O/Al2O3 ratio, such as reactions 7, 10 and 35 in Tables 2 and 5, 333 
which formed zeolite N as the primary product showed a minor but detectable level of silica 334 
(SiO2 or quartz). The presence of this minor phase in the product was detected using XRD 335 
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and was present even when the reaction mix contained kaolinites with very low or no silica 336 
content (KW65 or KW80).  337 
Bulk compositional analyses (Table 6) also showed measurable amounts of other cations such 338 
as Fe, Ca, Mg and Ti. These elements occurred in the reaction mix due to presence of 339 
impurities (e.g. quartz, rutile, ilmenite, hematite and illite) in the starting material. XRD 340 
traces of Nova 80 kaolinite showed the presence of quartz and rutile in minor amounts. Some 341 
impurities such as rutile are unlikely to be affected by the reaction conditions and will remain 342 
present in trace amounts in the final product. Minerals such as illite, hematite and ilmenite are 343 
likely to fully or partially react in the highly alkaline environment used to produce zeolite N. 344 
4.2 Zeolite N cation exchange capacity 345 
There are limited data on the CEC of orthorhombic zeolites with edingtonite topology. Barrer 346 
and Munday (1971) described exchange of Ba for K in zeolite K-F(Cl) up to the amount of 347 
potassium associated with KCl in the structure. The exchange of Na for K was also measured 348 
for zeolite K-F(Cl) with different chloride contents. The exchange capacities based on total 349 
potassium increased with increasing KCl from 513 to 570 meq/100g (Barrer and Munday, 350 
1971). These values for cation exchange are similar to those measured for the KCl-based 351 
zeolite N products listed in this study (reactions 2, 3, 21, 23, 32, 33).  352 
CEC values shown in Tables 2 to 5 ranged from 420 meq/100g to 528 meq/100g for products 353 
identified as primarily zeolite N (i.e. > 95%). This range of values may be a result of 354 
incomplete reaction, fundamental structural differences in the products, or differences in 355 
structure and composition reflected by the Si/Al ratio. Diffraction and compositional data 356 
were insufficiently precise to allow detailed investigation of fundamental structural 357 
differences.  358 
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The data shown in Fig. 5 includes reactions of similar initial compositions (reaction 2 in 359 
Table 2) that were maintained at 95oC for periods up to 16 hours. Samples taken at periodic 360 
intervals showed a gradual increase in CEC after the initial period of zeolite N formation. 361 
This initial period of zeolite N formation occurred at between 5 and 7 hours of reaction and, 362 
at this point, average CEC values were ~500 meq/100g.  363 
4.3 Particle size and reaction kinetics 364 
Reactions 1 to 4 in Table 2 were performed under the same conditions except for the type of 365 
kaolinite used as source material. Progress of the reaction to a specific end-point (in this case, 366 
six hours of reaction), were measured by relative CEC values and/or relative intensities in an 367 
XRD pattern. For reactions 1 to 4 in Table 2, slower rates of reaction were indicated by lower 368 
CEC values compared with reaction 1, the most complete (or faster) reaction. In these cases, 369 
the same reactor mixing rates, volume of reagents and methods were used. A similar 370 
difference in performance of zeolite N produced from different types of kaolinite was also 371 
indicated by the measured CEC values when made at industrial scale (Fig. 6). 372 
Particle size measurements showed that KW80 kaolinite has a smaller d50 value and a smaller 373 
size range than either KW65 or Nova 80 used in these experiments. The morphologies of 374 
kaolinites KW65 and Nova 80 were not similar. For example, KW65 kaolinite showed larger 375 
“booklets” over the dominant size range (i.e. ~6 µm to 8 µm) in conjunction with many 376 
poorly-defined particles of much smaller size. In comparison, the Nova 80 kaolinite 377 
contained well-defined particles of smaller dimensions (< 5 µm) and fewer poorly-defined 378 
particles.  379 
Huertas et al. (1999) noted that under highly alkaline conditions, high initial kaolinite 380 
dissolution rates were the result of different factors including more rapid dissolution of fine-381 
grained material, highly strained areas on large grains or the presence of defects. These 382 
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dissolution processes were moderated by constant stirring of the reaction mix (Metz and 383 
Ganor, 2001) but resulted in ready availability of Al and Si ions for crystal germination and 384 
growth of zeolite from a supersaturated solution (Bauer et al., 1998). Thus, the difference in 385 
CEC values observed in Table 2 for zeolite N formed under similar conditions (reactions 1 to 386 
4) was a result of different kaolinite dissolution rates at high pH. 387 
An increase in CEC value for a specific kaolinite starting material was achieved by a number 388 
of methods. For example, pre-treating KW65 by heating to 650oC to form metakaolinite 389 
resulted in an increase in CEC to 494 meq/100g (compared with 472 for reaction 2) under the 390 
same reaction conditions. Alternatively, pre-seeding the Nova 80 kaolinite reaction mixture 391 
with zeolite N (less than 0.15 moles) increased the CEC value to 350 meq/100g (compared to 392 
257 meq/100g for reaction 4). In both cases, the higher CEC value implies more complete 393 
reaction through more abundant and efficient formation of nuclei suited to growth of zeolite 394 
N. Methods for improving zeolite synthesis were described by Robson (2001) and Szostak 395 
(1998). 396 
5. Conclusions 397 
Low temperature (<100oC) syntheses of orthorhombic zeolite N were demonstrated for a 398 
range of initial batch compositions using kaolinite and montmorillonite clays as the source of 399 
Al and Si. Additional reagents that enabled synthesis of zeolite N included NaCl and NaOH 400 
provided KOH was present. Contrary to previous studies, orthorhombic zeolite with 401 
edingtonite framework topology was synthesized without excess KCl or with no KCl in the 402 
reaction mixture. Excess sodium in the reaction mix, generally defined for this reaction suite 403 
as Na/K > 0.90, resulted in production of sodalite. Contrary to previous work, these syntheses 404 
occurred at ambient conditions with continuous stirring and for reaction periods of hours 405 
rather than days. 406 
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Syntheses using kaolinites as source material commonly generated a precursor amorphous 407 
phase prior to crystallization of zeolite N. This amorphous phase was identified in earlier 408 
work as KAD and generally showed a CEC value for ammonium exchange significantly 409 
higher than the starting kaolinite but less than zeolite N. Reaction rates for synthesis of 410 
zeolite N were dependent on the source kaolinite. Once the precursor amorphous phase was 411 
formed, crystallization of zeolite N occurred in 30 to 60 minutes. CEC values for resultant 412 
zeolite N depended on the extent of reaction and reaction kinetics as well as the Al/Si ratio in 413 
the final product. This study extends the range of synthesis conditions suited to formation of 414 
orthorhombic zeolite N.  415 
 416 
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Figure Captions 497 
Fig. 1. Powder XRD patterns for synthesis of zeolite N from kaolinite showed intermediate 498 
stages with an amorphous material termed KAD. Indexed reflections for kaolinite and zeolite 499 
N are in parentheses.  500 
Fig. 2. Powder XRD patterns of samples from the reactor during synthesis of zeolite N 501 
(reaction 2, Table 2). 502 
Fig. 3. Powder XRD patterns for zeolite N formed from montmorillonite clays (reactions 18 503 
and 19, Table 3). Indexed reflections for zeolite N are in parentheses.  504 
Fig. 4.  SEM micrographs of reaction products (a) an intermediate phase termed KAD with 505 
small zeolite N grains (arrowed) and (b) zeolite N showing typical elongate prisms and 506 
unreacted kaolinite (arrowed).  507 
Fig. 5.  Plot of CEC value versus reaction time for eight separate syntheses of zeolite N with 508 
starting conditions listed in reaction 2, Table 2. 509 
Fig. 6.  Powder XRD patterns for three industrial scale syntheses (5T of product) of zeolite N 510 
(unreacted kaolinite designated “K”). Indexed reflections for zeolite N are in parentheses.  511 
Fig. 7.
 515 
  Ternary diagram with starting compositions that produced zeolite N (filled circles) 512 
and sodalite (unfilled circles). Final product compositions for zeolite N (filled triangles and 513 
hatched area) and sodalite (open triangle) are shown. 514 
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Table 1 
Properties of aluminosilicate starting materials for zeolite N syntheses 
Chemical Analysis 
Kingwhite 65 
(KW65) 
Kaolin 
Kingwhite 80 
(KW80)** 
Kaolin 
Activebond 23 
(AB23) 
Montmorillonite 
VolClay 
Montmorillonite 
SiO2 47.10 45.8 66.62 64.16 
Al2O3 36.69 37.7 16.45 16.57 
FeO 1.19 1.10 1.41 4.24 
CaO 0.10 0.07 0.75 0.76 
MgO 0.14 0.04 3.08 3.25 
Na2O 0.09 0.15 2.29 0.91 
K2O 0.17 0.10 0.39 0.42 
TiO2 0.99 1.10 0.31 0.31 
LOI 13.52 14.0 5.57 9.17 
Si/Al ratio 1.09 1.03 3.44* 3.29* 
CEC (meq/100g) 12 12 64 63 
Particle size (µm)  d50 8.3 6.0 14.2 9.1 
d10 2.3 1.5 3.3 2.6 
d90 21.0 18.6 54.3 32.7 
*Values are high due to presence of other silica phases;  **Chemical analysis from supplier specification 
sheet 
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Table 2 
Reaction Parameters – Potassium Reagents with Kaolin 
Reaction 
No. Clay ID K2O/Al2O3 KCl/Al2O3 H2O/Al2O3 
Temp 
(oC) 
Time 
(hours) 
Product 
(via XRD) 
CEC 
(meq/100g) 
1 KW80 2.3 3.5 50.5 95 6 Z N 500 
2 KW65 2.3 3.5 50.5 95 6 Z N 472 
3 HT 2.3 3.5 50.5 95 6 Z N 442 
4 Nova 80 2.3 3.5 50.5 95 6 Z N + Kao 257 
5 KW65 2.3 3.5 50.5 65 120 Z N 499 
6 HT 2.3 3.5 50.5 95 10 Z N 477 
7 KW65 11.5 12.1 94.4 80 10 Z N 447 
8 KW65 1.2 3.5 50.4 95 24 Z N 445 
9 KW65 7.0 1.6 47.7 95 6 Z N 424 
10 KW65 11.5 1.6 47.0 90 12 Z N 481 
11 KW65 7.7 0.0 97.1 90 6 Z N 436 
12 KW65 0.4 1.0 50.1 95 6 Kaolin 19 
13 KW65 0.6 2.6 50.2 95 6 Kaolin 62 
14 KW65 7.7 0.0 125.3 90 6 KAD 298 
15 KW65 11.5 0.0 44.8 95 12 Kaliophyllite 154 
16 KW65 11.5 1.6 101.7 90 12 Kaliophyllite 206 
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Table 3 
Reaction Parameters for Zeolite N with additional silica 
Reaction 
No. ClayID K2O/Al2O3 KCl/Al2O3 H2O/Al2O3 
Temp 
(oC) 
Time 
(hours) 
CEC 
(meq/100g) 
17 VolClay 5.6 6.3 52.5 95 10 290 
18 AB23 5.6 6.3 52.5 95 10 304 
19 KW65* 4.1 4.8 68.7 95 6 490 
*Starting mix includes 0.1moles of zeolite N as seed and 1.6 moles of potassium silicate (Kasil 30 supplied by PQ 
Corporation) 
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Table 4 
Reaction Parameters – Potassium and Sodium Reagents with kaolin (KW65) 
Reaction 
No. K2O/Al2O3 KCl/Al2O3 Na2O/Al2O3 NaCl/Al2O3 H2O/Al2O3 
Temp 
(oC) 
Time 
(hours) 
Product 
(via XRD) 
CEC 
(meq/100g) 
20 2.3 0.0 0.0 1.0 50.7 90 12 Z N 489 
21 2.3 0.5 0.0 0.5 50.7 90 12 Z N 494 
22 2.1 0.0 0.0 2.2 50.7 95 6 Z N 468 
23 2.5 9.5 0.0 2.8 60.4 95 6 Z N 493 
24 2.6 1.1 0.0 0.3 50.9 95 6 Z N 480 
25 1.5 2.1 1.5 0.0 52.0 95 6 Z N 463 
26 0.4 4.2 2.2 0.0 52.3 95 6 Z N 434 
27 0.0 2.9 4.6 0.5 54.6 95 6 Sodalite 62 
28 0.4 2.1 3.4 0.0 53.6 95 6 Sodalite 144 
29 0.6 0.9 2.3 1.7 52.5 95 6 Sodalite 86 
30 2.3 0.5 0.0 0.5 50.7 95 6 KAD 333 
31 2.3 0.0 0.0 4.0 50.5 95 6 Sodalite 93 
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Table 5 
Reaction Parameters for zeolite N pilot plant scale synthesis+ 
Reaction 
No. K2O/Al2O3 KCl/Al2O3 Na2O/Al2O3 NaCl/Al2O3 H2O/Al2O3 
CEC 
(meq/100g) 
32 2.3 3.5 0.0 0.0 47.8 528 
33 2.9 0.0 0.0 2.2 43.0 504 
34 1.2 5.2 0.0 0.0 43.0 484 
35 11.5 0.0 0.0 0.0 71.7 429 
36 2.3 0.0 0.0 1.7 47.8 466 
+all syntheses at T=95oC for 6 hours. 
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Table 6 
Bulk Elemental Analyses of Zeolite N (this study) 
Oxide 
Element 
(wt %) 
Reaction 2 
(av. of 12) 
Reaction 
18 
Reaction 
19 
Reaction 
22 
Reaction 
23 
Reaction 
33 
SiO2 33.89 46.74 38.22 35.78 33.49 35.27 
Al2O3 27.37 17.59 26.22 28.11 27.35 28.02 
FeO 0.81 4.23 0.67 0.80 0.73 0.38 
CaO 0.44 1.18 0.73 0.85 0.73 0.43 
MgO 0.40 3.38 0.53 0.60 0.76 0.36 
Na2O 0.31 0.37 0.40 2.74 1.32 1.41 
K2O 24.22 18.28 25.82 18.09 21.71 24.09 
TiO2 0.73 0.25 0.64 0.73 0.67 0.81 
Cl 2.40 1.59 3.04 1.78 2.31 2.11 
LOI 9.36 6.38 6.67 10.52 10.91 7.11 
Si/Al 1.05 2.26 1.23 1.08 1.04 1.07 
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